Strains of the phototrophic alpha-proteobacterium Rhodobacter sphaeroides vary in the number of enzymes catalyzing the formation of 5-aminolevulinic acid (ALA synthases) that are encoded in their genomes. All have hemA, but not all have hemT. This study compared transcription of these genes, and also properties of their products among three wild-type strains; 2.4.3 has hemA alone, 2.4.1 and 2.4.9 have both hemA and hemT. Using lacZ reporter plasmids all hemA genes were found to be upregulated under anaerobic conditions, but induction amplitudes differ. hemT is transcriptionally silent in 2.4.1 but actively transcribed in 2.4.9, and strongly upregulated under anaerobic-dark growth conditions when cells are respiring dimethyl sulfoxide, vs. aerobic-dark or phototrophic (anaerobiclight) conditions. Two extracytoplasmic function (ECF)-type sigma factors present in 2.4.9, but absent from 2.4.1 are directly involved in hemT transcription. Kinetic properties of the ALA synthases of all three strains were similar, but HemT enzymes are far less sensitive to feedback inhibition by hemin than HemA enzymes, and HemT is less active under oxidizing conditions. A model is presented that compares and contrast events in strains 2.4.1 and 2.4.9.
Introduction
The α-proteobacterium Rhodobacter sphaeroides can obtain energy via aerobic and anaerobic respiratory chains, anoxygenic phototrophy, and fermentations; some strains can also rely upon denitrification metabolism for energy. Much of our understanding of the underlying regulatory events involved in transitioning from one catabolic option to another is based on investigations of wild-type strain 2.4.1. Collectively, they argue that oxygen is the major factor controlling metabolic remodeling, working primarily at the transcription level (reviewed in Zeilstra- Ryalls and Kaplan, 2004; Gomelsky and Zeilstra-Ryalls, 2013) . This control extends to the production of tetrapyrroles, which makes sense because the kinds and amounts of these molecules that are required changes according to which energy metabolism is being used. Thus, regardless of the presence or absence of oxygen, heme synthesis must be sustained, as it is an integral component of both the cytochromes of respiratory chains and the photosynthetic apparatus. Bacteriochlorophyll a (bch), although indispensable for anoxygenic phototrophy, is not required under aerobic conditions, and so it is only produced under low, or no oxygen conditions. Not only is the controlled production of these different molecules efficient for the cell, it is also regarded as a strategy for survival, because, for example, it reduces the risk that excited bchs transfer their energy to oxygen, producing toxic singlet oxygen. All tetrapyrroles are derived from 5-aminolevulinic acid (ALA). Therefore, toward understanding how R. sphaeroides manages the production of the correct amounts and kinds of these chemicals necessary to accomplish the metabolic changes taking place in the cell, a logical focus of investigation is the regulated biosynthesis of their common precursor ALA.
For over 20 years following the initial discovery (Tai et al., 1988b) , R. sphaeroides remained the only bacterium known to have two ALA synthase genes coding for enzymes that catalyze the pyridoxal-dependent condensynthase genes (Zeilstra-Ryalls, 2008) . Such an astounding number of these enzymes in bacteria has remained unexplained, although it is well-established in animals that one ALA synthase gene is expressed in all tissues, while the second is erythroid-specific (Riddle et al., 1989; Bishop et al., 1990; Cox et al., 1990) . Equally confounding with respect to the bacterial situation is the fact that, even among a single species, the number of these genes is not uniform. For example, some strains of R. sphaeroides have two ALA synthase genes while others have only one (Nereng and Kaplan, 1999; Choudhary et al., 2007) . Furthermore, there is no obvious correlation between the number of ALA synthase genes in a given bacterium and its metabolic and physiological capabilities.
Transcription regulation of the R. sphaeroides ALA synthase genes has been most intensively studied in wild-type strain 2.4.1. The progress in unraveling the complexities of regulated hemA transcription (Neidle and Kaplan, 1993b; Fales et al., 2002; Ranson-Olson et al., 2006; Ranson-Olson and Zeilstra-Ryalls, 2008) has not been paralleled by advances in understanding hemT expression. This has been hindered by the fact that no hemT transcripts are detectable in that strain (Neidle and Kaplan, 1993b) . However, efforts to understand its role in the cell have been spurred on by virtue of the fact that, when expressed, the hemT product is fully functional (Neidle and Kaplan, 1993a; Zeilstra-Ryalls and Kaplan, 1995) . These efforts received additional impetus from the availability of the sequences of three of the original C.B. van Niel isolates, 2.4.1 (ATCC17023), and 2.4.9 (ATCC17029) and 2.4.3 (ATCC17025), the former two of which have both hemA and hemT genes while the latter of which has only a hemA gene (Nereng and Kaplan, 1999; Choudhary et al., 2007) . We had anticipated that, by examining transcription of the genes among these wildtype strains, we could learn more about the respective roles of the ALA synthases in the cell. We also expected that purifying and characterizing HemA and HemT would provide additional insights regarding the apparent enzymatic redundancy of two ALA synthases. Here, we present our findings from a productive investigation of expression of the ALA synthase genes present in strains 2.4.1, 2.4.3 and 2.4.9, as well as a comparison of the properties of the HemA and HemT enzymes. It should be noted that this is the first characterization of active HemT, and investigating its properties has proven important in formulating a picture of regulated ALA formation among these different strains. In addition to providing an explanation as to the presence of two ALA synthase genes, this study uncovered global differences in oxygen control among wild-type strains of R. sphaeroides, and suggests that there are specialists among them that are capable of rapidly adjusting either to changes in oxygen availability or to changes in light availability.
Results
Analysis of hemA transcription in wild-type strains 2.4.1, 2.4.3 and 2.4.9 Transcription levels of ALA synthase genes present in the three wild-type strains were evaluated using lacZ reporter plasmids (Table 2) . β-galactosidase activities in extracts of wild-type strain 2.4.1 with the 2.4.1-hemA::lacZ reporter plasmid pSB4 (Table 1) were approximately 22.4-and 40.3-fold higher in extracts of R. sphaeroides 2.4.1 bacteria grown anaerobically in the dark and light, respectively, vs. aerobically grown bacteria. β-galactosidase activities in extracts of wild-type strain 2.4.9 with a corresponding 2.4.9-hemA::lacZ plasmid, pNC3 (Table  1) , also indicated upregulation in response to oxygen limitation (Table 2) . However, the amplitude of induction was only approximately 3.0-fold for 2.4.9(pNC3) in extracts of anaerobic-dark grown cells and even less (approximately 1.8-fold) in extracts of phototrophic cells. Strain 2.4.3 cannot grow under anaerobic-dark conditions with DMSO as it lacks a functional DMSO reductase gene. But transcription reported using the 2.4.3-hemA::lacZ reporter plasmid pNC5 (Table 1) in strain 2.4.3 indicated hemA transcription is upregulated approximately 1.9-fold under phototrophic conditions. Since this strain is a complete denitrifier, we also examined this growth mode with respect to hemA transcription using pNC5. The β-galactosidase activities were somewhat lower in extracts of cells grown under the denitrifying conditions described by Tosques et al. (1996) than in extracts of aerobically grown cells, suggesting that there are no features of regulated hemA transcription uniquely associated with that growth mode.
To examine whether the hemA transcription differences in the three strains are due to differences in the respective hemA upstream sequences (Fig. S1 of the Supporting Information), genetic background differences between the strains, or both, lacZ reporter plasmids having the non-native hemA upstream sequences were mobilized into the R. sphaeroides wild-type strains. The bacteria were cultured under anaerobic-dark/DMSO conditions. β-galactosidase activities in extracts of 2.4.1 with the 2.4.9-hemA::lacZ reporter plasmid pNC3 and with the 2.4.3-hemA::lacZ reporter plasmid pNC5 were approximately threefold lower (Table 3 ) than in extracts of 2.4.1 with its 'native' 2.4.1-hemA::lacZ reporter plasmid pSB4 (Table 2) , which statistically significantly differ from each other (see Table  S3 of the Supporting Information). These results indicate that the upstream sequence differences between the hemA genes contribute to the differences in transcription. In fact, the four nt differences between the upstream sequences of 2.4.1-and 2.4.9-hemA alone (identified in Fig. S1 of the Supporting Information) are apparently sufficient to reduce levels of hemA transcription in strain 2.4.9 vs. strain 2.4.1, as β-galactosidase activities in extracts of wild-type strain 2.4.9 with plasmid pSB4 (Table 3) were approximately fivefold higher than in extracts of 2.4.9 with the 2.4.9-hemA::lacZ reporter plasmid pNC3 (Table 2) .
To place these differences in hemA transcription in context, according to all studies conducted to date, oxygen is the major environmental parameter dictating the 'lifestyle' of these bacteria, and in its absence the cells This study retool for phototrophic growth, synthesizing and assembling the photosynthetic apparatus, even in the absence of light (reviewed in Gomelsky and Zeilstra-Ryalls, 2013) . The modulation of tetrapyrrole production required for this retooling includes the need for more ALA in the absence of oxygen to provide adequate amounts of precursor to meet the combined demand for more heme, and especially for large amounts of bch, an overall difference in tetrapyrrole levels that has been estimated at more than 100-fold (Lascelles, 1964) . Therefore, the relative magnitudes of the anaerobic induction of hemA transcription among these strains indicate that there are important differences with respect to how each of these bacteria are meeting the increased demand for ALA. In fact, there is evidence that differences in oxygen control in strain 2.4.1 vs. 2.4.9 may extend beyond the hemA gene alone. All precultures used in these studies were grown aerobically. The precultures of 2.4.9 were always observed to be more pigmented than precultures of strain 2.4.1 (Fig. 1A) , and quantification of the pigment content of the bacteria revealed that bch and carotenoid levels were approximately fivefold higher in 2.4.9 than in 2.4.1 (Fig. 1B) . These higher concentrations of pigments were paralleled by the presence of higher amounts of light harvesting complexes of the photosynthetic apparatus; the levels of light harvesting complex I (B875) and II (B800-850) were approximately 7-and 11-fold higher, respectively, in strain 2.4.9 than in strain 2.4.1 (Fig. 1C) . This predicted that strain 2.4.9 would be more facile at switching from aerobic to phototrophic growth than strain 2.4.1, which is precisely what was observed (Fig. 1D) . A 12 hour lag phase is typical for wild-type 2.4.1 (ZeilstraRyalls and Kaplan, 1998). However, the lag phase for strain 2.4.9 was four hours or less. Thus, not only is hemA transcription in strain 2.4.9 less responsive to oxygen than in strain 2.4.1 (Table 2 ), but this reduced oxygen responsiveness extends to photosynthesis genes as well. Our understanding of oxygen control in R. sphaeroides, formulated using information obtained nearly exclusively from studies of strain 2.4.1 (reviewed in Gomelsky and Zeilstra-Ryalls, 2013) , is completely unable to explain this phenomenon in strain 2.4.9. Apparently, wild-type strains of R. sphaeroides differ in their avoidance of situations in which bch, oxygen, and light are all present.
Analysis of hemT transcription in wild-type strains 2. 4.1 and 2.4.9 Toward formulating a complete picture of regulated ALA production among these strains, the status of hemT transcription was also investigated. Strain 2.4.3 lacks the hemT gene altogether. To evaluate hemT transcription in strain 2.4.9, the reporter plasmid pNC1 (Table  1) , in which lacZ transcription relies upon 2.4.9-hemT upstream sequences, was used ( Fig. S1 in the Supporting Information). Likewise, the 2.4.1-hemT::lacZ reporter plasmid pUI1098 was used to examine hemT expression in strain 2.4.1. These exconjugants were grown in the dark both aerobically and anaerobically with DMSO as alternate electron acceptor, and cell extracts were assayed for β-galactosidase activity. The assays showed that hemT is not transcribed in strain 2.4.1 in the presence or absence of oxygen (Table 2 ). However, unlike in strain 2.4.1, hemT was actively transcribed in strain 2.4.9, and transcription levels were approximately 12-fold higher under anaerobic-dark conditions vs. aerobic conditions (Table 2 ). Immunoblot analysis (Fig. S2 in the Supporting Information) confirmed that the differences in hemT transcription between wild-type strain 2.4.1 and 2.4.9 reported by the lacZ plasmids are significant at the protein level. The apparent oxygen responsiveness of hemT transcription in strain 2.4.9 was not anticipated since the upstream sequences lack discernable target sites for binding of any of the three known global regulators mediating oxygen control in R. sphaeroides, PpsR, PrrA and FnrL (reviewed in Zeilstra-Ryalls and Kaplan, 2004; Gomelsky and Zeilstra-Ryalls, 2013) . Previous reports have documented that the hemT gene in strain 2.4.1 is transcriptionally silent under aerobic and anaerobic-light conditions (Neidle and Kaplan, 1993b; Zeilstra-Ryalls and Kaplan, 1995) , and the results here extend this transcriptional silence to anaerobic-dark conditions. To further consider the role of oxygen with respect to hemT expression in strain 2.4.9, plasmid pNC1 exconjugants were cultured phototrophically, i.e. anaerobic-light conditions, and cell extracts were assayed for β-galactosidase activity. Although β-galactosidase activities were approximately 3-fold higher relative to those in extracts of aerobic cells, this is considerably less than the nearly 12-fold elevation in extracts of cells grown anaerobically in the dark ( Table 2 ), indicating that oxygen is not the key parameter controlling hemT transcription; rather expression of hemT appears to be specifically induced when the cells are obtaining energy by respiring the alternate electron acceptor DMSO.
An alternative possibility regarding regulated hemT expression has been suggested by the work of Arai et al. (2013) . Certain strains of R. sphaeroides are capable of complete denitrification via an anaerobic respiratory pathway in which nitrate is ultimately reduced to dinitrogen (compared and contrasted among R. sphaeroides strains in Tosques et al., 1997) . Rhodobacter sphaeroides 2.4.1 can only perform the first step of the pathway, converting nitrate to nitrite, and so never generates nitric oxide (NO), which is produced by dissimilatory nitrite reductase that is absent from strain 2.4.1. Yet this organism does possess a NO reductase, which reduces NO to nitrous oxide. It is thought that these non-denitrifying bacteria have this enzyme for protection from exposure to exogenous sources of NO . The stated purpose of the Arai et al. study was to use transcriptomics to learn more about how this organism copes with nitrosative stress. They reported that hemT contributes in some fashion, since it is among the genes whose transcription in Table 3 . β-galactosidase activities in cell extracts of Rhodobacter sphaeroides with hemA::lacZ reporter plasmids. Values are as described for Table 2 . One-way ANOVAs of values for the native (Table 2) vs. the non-native reporter plasmids (presented in this table) for each strain indicate that they all differ statistically significantly (for details, see Table S3 of the Supporting Information). wild-type strain 2.4.1 is responsive to the NO-generating compound sodium nitroprusside (SNP). Using Affymetrix genechips for strain 2.4.1, Arai et al. (2013) found that, following a 15 min incubation with 1 mM sodium nitroprusside (SNP), hemT transcript levels in cells increased 465-fold. However, using our hemT::lacZ reporter plasmids, we found that, even after prolonged incubations (4 hours) post-SNP addition, hemT transcription in wild-type strain 2.4.1 never rose to the level of reliable detection, and transcription in wildtype strain 2.4.9 failed to approach the levels reported for hemT under inducing anaerobic-dark conditions with DMSO ( Fig. 2A) . It may be that the lack of correlation between the 2.4.1-transcriptomic data of Arai et al. and our lacZ reporter results is due to unidentified genetic differences between the R. sphaeroides 2.4.1 bacteria used in the two studies. We ourselves have reported that it is not difficult to isolate both cis-and trans-acting mutants of strain 2.4.1 in which hemT transcription is detectable (Zeilstra-Ryalls and Kaplan, 1995). The conclusion from our analysis is that hemT is transcribed under non-stress conditions in wild-type strain 2.4.9, and transcription is upregulated under anaerobic-dark with DMSO conditions.
To examine whether the hemT transcriptional differences in strain 2.4.1 vs. 2.4.9 are due to differences in the respective hemT upstream sequences (Fig. S1 of the Supporting Information), genetic background differences between the two strains, or both, the 2.4.1-hemT::lacZ reporter plasmid pUI1098 (Zeilstra-Ryalls and Kaplan, 1995) was conjugated into strain 2.4.9 and the 2.4.9-hemT::lacZ reporter plasmid pNC1 was conjugated into strain 2.4.1. β-galactosidase activity in extracts of the cross-exconjugates grown under anaerobic-dark conditions (Table 4) revealed that, unlike for hemA, the differences in hemT transcription are solely due to genetic background differences between the strains and not differences in the hemT upstream sequences since, in strain 2.4.9, the levels and pattern of transcription reported by the 2.4.1-hemT::lacZ reporter plasmid pUI1098 is similar to that reported by the 2.4.9-hemT::lacZ reporter plasmid A. β -galactosidase activities in extracts of wild-type strains 2.4.9 and 2.4.1 with transcription reporter plasmids pNC1 (2.4.9-hemT::lacZ) or pUI1098 (2.4.1-hemT::lacZ) as indicated, following the addition of sodium nitroprusside (SNP) to semi-aerobic cultures for the times identified in the legend. The SNP was prepared in MOPS buffer. Therefore, activities in cell extracts following the addition of SNP are compared to activities following the addition of an equal volume of MOPS buffer. B. β -galactosidase activities in extracts of Rhodobacter sphaeroides wild-type 2.4.9 vs. rsph17029_3603 mutant strain JZ5321 and rsph17029_3536 mutant strain JZ5323 with plasmids as indicated; the wild-type 2.4.9-hemT::lacZ reporter plasmid is pNC1, plasmid pLD1 is a 2.4.9-hemT::lacZ reporter plasmid with altered hemT upstream sequences (the AAA residues comprising the presumptive -35 region of the hemT promoter have been replaced with GCC, creating a NarI site), and plasmid pLD2 is a 2.4.9-hemT::lacZ reporter plasmid in which the hemT upstream sequences are truncated (all hemT sequences upstream of the NarI site in pLD1 are removed). Scales in panels A and B have been standardized according to activities in extracts of 2.4.9(pNC1) cultured anaerobically in the dark with dimethyl sulfoxide (DMSO). Additional strain and plasmid details are provided in Table 1 . Units are as defined, and values are as described for Table 2 . Oneway ANOVAs indicate that the values for samples of 2.4.9 (pNC1) cultured anaerobically with DMSO are statistically significantly different (p < 0.05) from all other values in both panels. For all strains, the values in samples of cells with reporter plasmids pNC1 vs. pLD1 vs. pLD2 are also statistically significantly different (p < 0.05). There are no significant differences (p > 0.05) between values for pLD2 in the three strains. Details and additional ANOVA results are provided in Table S3 of the Supporting Information.
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pNC1. Evidently, all of the sequences required for regulated hemT transcription in strain 2.4.9 are conserved between the 2.4.1 and 2.4.9 hemT genes. These data raised the possibility that a transcription factor or factors required for hemT expression is present in strain 2.4.9, but missing from strain 2.4.1.
Identification of trans-and cis-acting sequences important for hemT transcription in strain 2.4.9
It is known that single base changes within the 2.4.1-hemT upstream sequences can result in increased hemT transcription in strain 2.4.1 (Zeilstra-Ryalls and . In light of the data presented here (Table 2 ), indicating that background differences between strains 2.4.9 and 2.4.1 are critically important for hemT expression, it could be that those spontaneously arising cis-acting point mutations fortuitously created promoter sequences that are recognized by a sigma factor present in 2.4.1, but one that does not normally transcribe the gene. This would then argue for the possibility that hemT is transcribed in strain 2.4.9 by a sigma factor that is absent from strain 2.4.1. A census of the sigma factor genes present in the three R. sphaeroides strains, 2.4.1, 2.4.3 and 2.4.9, revealed that there are two sigma factor genes in wild-type strain 2.4.9, rsph17029_3603 and rsph17029_3536, that are absent from strain 2.4.1, and also absent from strain 2.4.3 that does not have a hemT gene. These two sigma factor genes are within a larger region of Chromosome II that is missing in strain 2.4.1. An even larger region that extends to include the hemT gene is absent from Chromosome II of strain 2.4.3. Both of the 2.4.9-specific sigma factors belong to the σ 70 group IV Extracytoplasmic Factor (ECF) family that transcribes genes in response to signals outside of the cytoplasm. As is typical, genes in proximity to these 2.4.9 ECF-type sigma factor genes encode anti-sigma factor proteins that have membrane-spanning sensor domains. The current annotation indicates that translation of rsph17029_3602 initiates 118 nt downstream of rsph17029_3603, and translation of rsph17029_3537 initiates -1 nt relative to the nonsense codon of rsph17029_3536. The sigma factors do not belong to any of the groups described by Staron et al. (2009) , although they are present in other bacteria. BLAST searches of ECF sigma factor RSPH17029_3603 identified homologs in other proteobacteria; BLAST searches for ECF sigma factor RSPH17029_3536 revealed that its distribution is limited to the α group of proteobacteria. Their roles in any organism are not known.
As is true of σ 70 promoters, ECF sigma factors also bind to −35 and −10 sequences. However, the promoter sequences themselves differ. A highly conserved element for group IV members of the σ 70 family is an AA-dinucleotide sequence within the −35 region. This element imposes rigidity upon the DNA and a narrowing of the minor groove, creating a structural feature involved in promoter recognition by these sigma factors (Lane and Darst, 2006) . The hemT upstream sequences contain a 4-A nucleotide sequence, which is conspicuous among the relatively GC-rich sequences (~69%) of this organism (identified in Fig S1 of the Supporting Information). To examine the importance of this sequence with respect to hemT transcription, two additional lacZ reporter plasmids, pLD1 and pLD2 (Table 1 and Fig. S1B of the Supporting Information), were constructed. In pLD1, the first three of the four A's were changed to GCC, simultaneously introducing a new NarI site. In pLD2, this NarI site was used to truncate the hemT upstream sequences to eliminate any promoter activity emanating from sequences upstream of the NarI site. Under anaerobic-dark conditions, compared to 2.4.9 (pNC1) with intact hemT upstream sequences, β-galactosidase activities in extracts of 2.4.9 (pLD1) and 2.4.9 (pLD2) were reduced 5.8-fold and 18.6-fold respectively (Fig. 2B ). Since the σ 70 consensus-like sequences that were implicated in hemT transcription from the mutation studies in strain 2.4.1 (Zeilstra-Ryalls and Kaplan, 1995; see also Fig. S1 in the Supporting Information) are preserved in both of these reporter plasmids, the data argue that the A-rich sequence is important for hemT Values are as described for Table 2 . One-way ANOVA for strain 2.4.9 with the native reporter plasmid pNC1 (Table 2) vs. the non-native reporter plasmid pUI1098 (presented here) indicate the values for inducing anaerobic-dark conditions are not statistically significantly different (see Table S3 in the Supporting Information).
transcription in strain 2.4.9, and that normal hemT transcription relies upon a sigma factor or factors other than σ
70
.
To examine the contribution of the two 2.4.9-specific sigma factors to hemT transcription, mutant strains were constructed (Table 1) . In strain JZ5321, rsph17029_3603 is disrupted, and in strain JZ5323, rsph17029_3536 is disrupted. The reporter plasmids having the intact (pNC1) and altered 2.4.9-hemT sequences (pLD1 and pLD2) were then mobilized into each mutant strain. While we had fully expected that assays of β-galactosidase activities in extracts of the anaerobically-dark grown exconjugants would implicate one sigma factor and eliminate the other, to our surprise, the data (Fig. 2B ) indicated that both sigma factors contribute to hemT transcription, and that alterations to the hemT upstream sequences impacted transcription by both of them. Thus, disrupting either sigma factor gene reduced transcription from the intact 2.4.9-hemT upstream sequences approximately sevenfold (wild-type 2.4.9 vs. mutant strains JZ5321 or JZ5323 with plasmid pNC1; Fig. 2B ), and altering the hemT sequences reduced the level of transcription another 3 to 4-fold, to levels that are essentially below those reliably detected (wild-type strain 2.4.9 vs. JZ5321 or JZ5323 with plasmid pLD1 or 2; Fig. 2B ).
That the cis mutation represented in plasmid pLD1 did not reduce transcription to the same extent in the wildtype 2.4.9 background as when the alteration is combined with the absence of one or the other sigma factor reinforces the idea that both sigma factors work through the same mechanism, and argue against the possibility of a sigma factor cascade. Given the importance of the AAAA nucleotide sequence and the similar hemT transcription profiles in the sigma factor mutants, we felt the most parsimonious interpretation of the results is that both sigma factors act directly with respect to hemT transcription at overlapping promoters. The two Escherichia coli gal promoters, offset by 5 bp, provide a precedent for such an arrangement of sigma factor binding sites (Aiba et al., 1981) . Perhaps what could be regarded as an even more similar arrangement is that of the overlapping promoters of the E. coli napF operon (Stewart et al., 2003) . Zafar et al. have also reported on overlapping promoters involving different sigma factors (Zafar et al., 2014) .
Electrophoretic mobility shift assays (EMSAs) reveals that two ECF sigma factors have a direct role in hemT transcription
To confirm that these two sigma factors are both transcribing hemT, modified genes encoding polyhistidine-tagged proteins were expressed in E. coli, affinity purified, and used in EMSAs with DNA corresponding to 2.4.9-hemT upstream sequences comprising nt −125 to −65, relative to the +1 of translation (Supporting Information Fig.  S1 ). As shown in Fig. 3 , both RSPH17029_3536 and 3603 proteins bind to these same upstream sequences, and excess unlabeled DNA was also found to compete for binding by each protein. Because the signal corresponding to protein-DNA complexes was weak using A. Protein sample contained RSPH17029_3603, and protein-DNA mixtures in lanes 1-3 are as indicated; labeled and unlabeled oligonucleotides were annealed just before use. B. Protein sample contained RSPH17029_3536, and protein-DNA mixtures in lanes 1-3 are as indicated; labeled and unlabeled oligonucleotides were annealed just before use. C. Protein sample contained RSPH17029_3536, labeled DNA was annealed oligonucleotides, and unlabeled DNA was a DNA fragment isolated from plasmid phemT-UP(2.4.9) that contains the same sequences. In all three panels, shifted species are identified with a light arrow, while free unshifted DNA is indicated with a heavier arrow. Additional information regarding the protein samples and DNA used, as well as the reaction conditions, are provided in the Experimental Procedures. Each panel is an image of an x-ray film exposure of the same gel; intervening, not applicable lanes have been cropped out.
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RSPH17029_3536, we repeated the assay, with the only difference being that the competitor DNA consisted of a restriction fragment isolated from plasmid pUI1087::2.4.9-hemT-UP (Table 1) which has the same hemT sequences. The results confirmed specific binding of the sigma factor to the hemT sequences (Fig. 3C ).
Characterization of a 2.4.9-hemT null mutant
Having established that hemT is transcribed and regulated in strain 2.4.9 we were, for the first time, in a position to consider the consequences of the loss of a functional hemT gene. According to the transcription pattern for 2.4.9-hemT (Table 2) , its contribution to the cell should be most apparent under anaerobic-dark with DMSO growth conditions. To investigate this, the hemT null mutant derivative of R. sphaeroides wild-type strain 2.4.9, JZ5018, was constructed using plasmid pUI1009 (Table 1) , which is the same plasmid as was used to previously engineer the wild-type 2.4.1 mutant derivative strain HemT1 (Neidle and Kaplan, 1993a) , and so recombination produces the same hemT null mutation. We compared growth of strains 2.4.1, HemT1, 2.4.9, and JZ5018, when aerobically grown cells were used to inoculate cultures that were then incubated under anaerobic-dark/ DMSO conditions (Fig. 4) . As would be expected, since hemT is not transcribed in 2.4.1, there was little difference in the growth profiles between wild-type 2.4.1 vs. HemT1. But the 2.4.9-derived hemT null mutant JZ5018 had a lag phase of approximately 96 hours, which is prolonged relative to wild-type 2.4.9. The specific growth rates of 2.4.9 and JZ5018 were the same once growth was established.
To determine whether this eventual growth was due to imposing selection for spontaneously arising suppressor mutants, we regrew isolates from the anaerobic-dark cultures and found they displayed an equally prolonged lag phase (results not shown). As would be expected if the two sigma factors are transcribing hemT, we found that anaerobic-dark growth of the mutant strains disabled in the sigma factor genes, JZ5321 and JZ5323 (Table  1) , had the same prolonged lag phase as the hemT null mutant strain JZ5018 (the data for JZ5321 and JZ5323 are within the ranges for JZ5018; for clarity they were not included in Fig. 4B ). Thus, in strain 2.4.9, hemT is needed during the transition from aerobic to anaerobic-dark growth; i.e. hemT is important for the metabolic reconfiguring required for building an alternate respiratory chain that ends with DMSO as terminal electron acceptor. Also consistent with the hemT expression profile in strain 2.4.9 (Table 2) , the transition from aerobic to phototrophic growth does not appear to rely upon hemT since the lag times for both wild-type 2.4.9 and the hemT null mutant JZ5018 bacteria were approximately 4 hours (the data for strain JZ5018 are within the ranges for the wild-type strain whose growth profile is shown in Fig. 4B ).
Confirming that the need for hemT expression is unrelated to SNP-induced nitrosative stress, we found that growth of wild-type 2.4.1 and 2.4.9, and also the respective hemT null mutant derivatives, were unaffected following the addition of SNP (final concentration 1 mM) to logarithmic-phase semi-aerobic cultures (results not shown). While strain 2.4.9 has not previously been examined, the lack of SNP sensitivity for strain 2.4.1 is consistent with a previous report (Wu et al., 1998) . B. wild-type 2.4.9 vs. its hemT null mutant derivative strain JZ5018. All strains were cultured under anaerobic-dark (with DMSO) conditions. Shown are profiles generated with averaged OD 660 values for three replicates and the standard deviations as indicated. Additional strain details are provided in Table 1 .
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Characterization of recombinant HemA and HemT enzymes
In addition to examining transcription of the hemA and hemT genes, we purified, and determined the kinetic properties of polyhistidine-tagged ALA synthases of wild-type strains 2.4.1, 2.4.3 and 2.4.9 (Table 5 ; values for 2.4.9-HemA included here to facilitate comparisons were from ref. (Liu et al., 2017) . Using enzyme preparations estimated to be more than 90% pure (Fig. S3) , the K m values for all of the enzymes were determined to be similar, indicating they do not differ greatly in substrate affinities. However, we did note that the specific activity of 2.4.3-HemA was nearly twofold greater than any of the other enzymes. Inspection of an amino acid sequence alignment of the proteins was uninformative as to the sequences that might be responsible for this difference in activity, which then remains to be determined.
Another property of R. sphaeroides ALA synthases that was reported already in the 1960s by Burnham and Lascelles (Burnham and Lascelles, 1963 ) is inhibition by hemin. Those investigations predated knowledge of two ALA synthase genes in this organism, and information as to hemT expression in the strain used in that study is not available. It is known that both genes are present in the strain used by Burnham and Lascelles, and when expressed the products are functional (Zeilstra-Ryalls and Kaplan, 1995). But it is not known whether their purified ALA synthase activity was exclusively that of the HemA enzyme, the HemT enzyme, or a mixture of HemA and HemT. Here, purification of each individual recombinant protein made it possible to establish that, in the presence of hemin, HemT activity would predominate in the cell; the apparent inhibition constant (K i ) value determined for 2.4.9-HemA is 13-fold lower than for 2.4.9-HemT (Table 6 ). That 2.4.1-HemA is nearly as sensitive to hemin inhibition as 2.4.9-HemA (31% inhibition in the presence of 1 µM hemin vs. 38% for 2.4.9-HemA), suggests that the greater range in regulated transcription of the hemA gene in strain 2.4.1 vs. strain 2.4.9 as they exist today reflects a need to compensate for the absence of hemT expression in wild-type strain 2.4.1. Since strain 2.4.3 cannot grow anaerobically in the dark with DMSO, conditions under which hemT is maximally expressed in 2.4.9, reasons for having a more active HemA enzyme would presumably pertain to higher demands for ALA in support of phototrophic growth.
Characterization of an oxygen-stable 2.4.9-HemT mutant enzyme
Typically, β-mercaptoethanol is included as a protective reducing agent for ALA synthase purifications. However, the purified HemT enzyme consistently had low specific activity; at best, it was found to have approximately 17% that of 2.4.9-HemA. To consider whether this low activity was due to inadequate protection against an oxidation event during purification, the proteins were purified in the presence of the stronger reducing agent dithiothreitol (DTT). As shown in Table 5 , the specific activity of HemT purified in the presence of DTT approached that of HemA.
All of the ALA synthase proteins examined here have five cysteine residues; three of these are common to both HemA and HemT. The cysteine residue at position 281 is unique to HemT proteins, whereas a proline is absolutely conserved at this position among all other ALA synthases (both bacterial and animal) for which sequences are available. Modeling of 2.4.9-HemT, using the solution to the crystal structure of Rhodobacter capsulatus ALA synthase as a template (Astner et al., 2005) , indicates that the S atoms of the cysteines at position 281 in the two subunits of the dimeric protein are at a distance of approximately 5.8 Å to each other (Fig. S4 in the Supporting Information). While the typical distance for disulfides is approximately 2 Å (Battacharyya et al., 2004) , a conformational adjustment between the two subunits from that depicted in the static model could make disulfide formation feasible. Certainly, these are the only cysteines in any reasonable proximity that could form a disulfide bond. We investigated the significance of this HemT-specific cysteine by examining the activity of 2.4.9-HemT mutant protein in which the cysteine is replaced by proline, the amino acid that is present in all other ALA synthases in this position. We found that the specific activity of the 2.4.9-HemT_C281P mutant protein purified in the presence of β-mercaptoethanol was 51.0 +/− 2.7 µmole ALA formed h −1 mg −1 , which is similar to the wild-type protein purified in the presence of the stronger reducing agent DTT (Table 5 ). The kinetic properties of the mutant protein (Table 7) were otherwise similar to those of the wild-type protein (Table 7 ) and, with respect to hemin inhibition, the mutant protein also behaved similarly to wild-type HemT; in the presence of 1 µM hemin 2.4.9-HemT_C281P protein retained 100% of its activity, and at that concentration wild-type 2.4.9-HemT activity was reduced by less than 10%. These results suggest that residue C281 confers oxygen sensitivity, and that wild-type 2.4.9-HemT enzyme would be more active in cells grown in the absence of oxygen. This characteristic of HemT enzyme correlates nicely with both the pattern of 2.4.9-hemT transcription, as well as the 2.4.9-hemT mutant phenotype that is evident as the bacteria reconfigure for anaerobic-dark growth with DMSO. Collectively, these findings argue that an enzyme whose activity is not strongly controlled by heme is 'unwelcome' in the cell under aerobic conditions.
Discussion
This study was directed toward understanding why R. sphaeroides has two ALA synthases. In so doing, it has uncovered a previously undocumented specialization among wild-type strains of these bacteria. According to the growth profiles, wild-type strain 2.4.1 as it exists today is adapted for rapidly responding to changes in oxygen tensions by being able to quickly assemble alternate respiratory chains, such as that which uses DMSO as the final electron acceptor. By comparison, wild-type strain 2.4.9 as it exists today is adapted for rapidly responding to light availability due to the presence of photosynthetic membranes even in the presence of oxygen. We propose that differences in hemA and hemT expression in these two strains are a reflection of, and a requirement for these apparent specializations. Thus, a hemA gene whose transcription is highly responsive to oxygen availability, as in strain 2.4.1, is sufficient to support rapid switching between aerobic and anaerobic respirations. In strain 2.4.9, the limited oxygen-responsiveness of hemA transcription, and whose product is an enzyme that is highly sensitive to feedback inhibition by heme, imposes a requirement for hemT, encoding an enzyme that is less sensitive to heme inhibition. While it is not possible to reconstruct the steps leading to the current structure of the complete genomes of these organisms, we can compare the region containing hemT and the two sigma factor genes whose products transcribe hemT among the three strains of bacteria. Most obvious from the comparison is that an approximately 208 kbp region of Chromosome II that is between two rRNA operons, and which encompasses both of the sigma factor genes, is reduced to one rRNA operon in strain 2.4.1. Also notable is the fact that the hemT gene of strain 2.4.1 is located approximately 21 kB downstream of that rRNA operon, but the distance is approximately 50 kB in strain 2.4.9, within which several transposase genes are present. The region surrounding the corresponding rRNA operon in strain 2.4.3 is also rich in transposase genes, and hemT, as well as genes in the immediate vicinity of hemT in both 2.4.1 and 2.4.9, are altogether absent from the 2.4.3 genome. Additional comparisons of Chromosome II among these bacteria have been discussed by Choudhary et al. (2007) , who noted that the high sequence divergence among these strains suggests its potential involvement in adapting to specialized niches. That the HemT enzyme is less active under oxidizing conditions suggests that the need for an ALA synthase that functions in the presence of higher heme concentrations would arise under relatively more reducing conditions. One could argue that oxygen sensitivity of HemT ensures that feedback inhibition of HemA, which would then limit ALA production under aerobic conditions, is a key regulatory event. Figure 5 provides an overview of key features of regulated tetrapyrrole biosynthesis-related events in 2.4.1 vs. 2.4.9 that we believe encompasses our findings thus far. Note that, other than hemA and hemT, transcription levels of relevant genes in strain 2.4.9 are not known; the presence or absence of expression is based upon either physiological evidence (e.g. aerobic growth that would rely upon an aa 3 -type cytochrome c oxidase, anaerobic-dark growth with DMSO, phototrophic growth, and so on) or detection of relevant products (e.g. bacteriochlorophyll a). For clarity, a minimum number of elements is included; larger versions of the panel sections are provided in the Supporting Information (Figs S6 and S7) . A summary of features depicted in the model follows: Under high oxygen conditions (High O 2 ), the major tetrapyrrole requirement is heme a within the terminal aa 3 -type cytochrome c oxidase of the aerobic respiratory chain. Under low oxygen conditions (Low (micro) O 2 ), the respiratory chain terminates with the high oxygen affinity cbb 3 -type cytochrome c oxidase, which requires the b form of heme tetrapyrrole. In the dark, in the absence of oxygen and the presence of dimethyl sulfoxide (Anaerobic-dark + DMSO), an alternative respiratory chain ends with dimethyl sulfoxide reductase, which receives electrons from its specialized heme b-containing cytochrome. Expression of the cytochrome and DMSO reductase genes requires anaerobic conditions, as well as the presence of DMSO. The cbb 3 -type cytochrome c oxidase is also present, but under these conditions, it is thought to function in a protective capacity for the anaerobic cell by reducing any oxygen that these anaerobic cells might encounter. In the absence of oxygen, synthesis of light harvesting and reaction center complexes of the photosystem is induced as well, which means that a considerable portion of the protoporphyrin IX (PPPIX) is diverted toward bacteriochlorophyll (Bch) biosynthesis. In wild-type strain 2.4.1, hemA is strongly upregulated under these conditions (panel A), but in strain 2.4.9 less so, but these are inducing conditions for hemT. Under anaerobic-light conditions (Anaerobic-light), the cells are collecting photonic energy via their photosystems, and so the major tetrapyrrole species is Bch. The levels of heme b vary among these growth conditions, and so the degree of feedback inhibition of HemA also varies according to growth conditions. Since hemA expression is weakly induced in strain 2.4.9 under anaerobic conditions, this could limit ALA formation. However, hemT is induced under those same conditions, and encodes an enzyme that is less sensitive to heme b inhibition, thereby assuring adequate ALA levels for the biosynthesis of the specialized cytochrome required for DMSO reduction. We see as a necessary premise in understanding the role of hemT, but one that remains to be tested, that ALA synthase feedback inhibition is limited to the b form of heme (hemin). Heme a is required for the aa 3 -type cytochrome c oxidase. This is the terminal enzyme of the branched aerobic respiratory chain, which is present and operating when ample oxygen is available. A second, high oxygen-affinity cbb 3 -type cytochrome c oxidase (and thus a heme b-requiring enzyme) is expressed under low or no oxygen conditions. Heme a is derived from heme b through the consecutive actions of heme o (cox10) and heme a (cox15) synthases (Brown et al., 2004 (Brown et al., , 2002 . Transcriptomic data for the genes in strain 2.4.1 (at NCBI's Gene Expression Omnibus) indicate cox10 (rsp1827) is up regulated approximately 5 to 10-fold under aerobic conditions; the oxygen responsiveness of cox15 (rsp3831) transcription is less clear.
In addition to the heme a biosynthesis enzymes, the availability of the farnesyl group was also examined by evaluating transcription profiles of genes of the biosynthesis pathway. Using the Kyoto Encyclopedia of Genes and Genomes (https://www.kegg.jp/kegg/), pairs of genes encode the enzymes catalyzing the first and last steps of the pathway. One of each of these genes, dxsA and crtE are located in the so-called photosynthesis gene cluster (Naylor et al., 1999) , and they are strongly upregulated in the absence of oxygen. Further, CrtE not only catalyzes the last reaction in the biosynthesis of the farnesyl group, but this apparently bifunctional enzyme also catalyzes the conversion of farnesyl-diphosphate to geranyl geranyl-diphosphate, providing the isoprene group for bacteriochlorophyll a. The other two genes, rsp_1134 and 1135 are not significantly differently expressed under aerobic vs. phototrophic conditions. Unlike CrtE, RSP_1135 is apparently mono-functional, and its activity is limited to farnesyl-diphosphate formation. Based on this information, the farnesyl group would predominate under aerobic conditions, and the geranyl-geranyl group would be more prominent under anaerobic conditions. Taken together, according to the data presently available, and consistent with their roles in the cell, it seems reasonable to predict that the a form of heme is restricted to aerobic cells, and the b form of heme is the major species present in anaerobic cells. Unlike heme b, heme a is not readily available for analysis. Therefore, studies of ALA synthase regulation to date have involved heme b (hemin), other than the insightful, seemingly presentient studies of Burnham and Lascelles (Burnham and Lascelles, 1963) , who considered whether or not additional tetrapyrrole species affect ALA synthase activity. Although those studies did not resolve differences in HemA vs. HemT, since there was no knowledge at the time of two ALA synthase genes, they did demonstrate that purified ALA synthase activity was not inhibited by bch. It is with interest that we notice the resemblance between bch and heme a in both having isoprenoid chains attached to the tetrapyrrole (albeit at differing positions), which seems an obvious structural modification that might prevent interactions with ALA synthase. The available evidence from gene expression profiling discussed here, in combination with present and previous studies of the enzymes (Burnham and Lascelles, 1963 ) and a consideration of the physiological need for the different hemes, suggests that the b form of heme is the principal agent of feedback inhibition.
The differences in regulated hemA transcription between strains 2.4.1, 2.4.3 and 2.4.9 are attributable, at least in part, to differences in the upstream sequences of the genes. Three of the four differences between 2.4.1-hemA and 2.4.9-hemA are in a region that is bound by PrrA (Ranson-Olson et al., 2006) , the DNA binding protein partner of the redox-responsive two-component PrrBA system (Eraso and Kaplan, 1995) . However, as evidenced by the presence of photosynthetic membranes in aerobically grown 2.4.9, oxygen control as a whole appears to differ among these strains. This implies that there are also as yet to be identified differences in one or more of the regulatory systems such as PrrBA that mediate oxygen control in R. sphaeroides.
Since the first studies of hemT expression in R. sphaeroides wild-type strain 2.4.1 (Neidle and Kaplan, 1993b) , efforts to determine the role of this 'other' ALA synthase gene have been thwarted by lack of knowledge as to what conditions would actuate transcription of the gene. Our results argue that such conditions do not exist for hemT expression in strain 2.4.1. We have demonstrated that, unlike in strain 2.4.1, in strain 2.4.9 the hemT gene is transcribed and highly regulated, and so established that both hemA and hemT contribute to ALA formation in those bacteria. We conclude that hemT is silent in wild-type 2.4.1 because a transcription factor or factors required for hemT expression is missing from that strain, but they are present in strain 2.4.9; our results indicate that the missing factors include two ECF sigma factors encoded by rsph17029_3603 and rsph17029_3536. Reinforcing the results presented here, which were generated using transcription reporter plasmids, a preliminary analysis of RNAseq data found hemT mRNA levels were reduced in mutant strains JZ5321 and 5323 relative to levels in wild-type 2.4.9 (Coulianos, 2018) . The data also suggest that an activation signal for hemT transcription is present under anaerobic-dark with DMSO growth conditions. Preliminary studies indicate that DMSO itself is not the signal, since hemT transcription reported using plasmid pNC1 was unchanged following the addition of DMSO to logarithmic-phase cultures growing under low-oxygen conditions (Coulianos, 2018) . Thus, perhaps the real signal promoting hemT transcription is the inability to complete electron transport until such time as the alternative chain, involving DMSO reductase and its partner pentaheme cytochrome, has been assembled in the membrane. Control of gene expression via the redox state of electron transport chains (which, of course, includes their presence) has already been documented for regulation mediated by the R. sphaeroides PrrBA system in which the activating signal generated from altered electron flow is transduced to PrrB via PrrC (Eraso and Kaplan, 2000) .
That the sigma factors encoded by rsph17029_3603 and 3536 bind to the hemT upstream sequences is the first report of any gene in any organism whose transcription relies upon these particular sigma factors. Therefore, other than the fact that in strain 2.4.9 they are important for the successful transition from aerobic to anaerobic-dark growth, and this apparently involves transcription of hemT, no additional information is available as to their roles. However, there are a few clues as to what might promote their activities.
With respect to the sigma factor encoded by rsph17029_3603, this gene is in a region that also contains a siderophore-like receptor as well as an ABC-transporter, and the anti-sigma factor gene rsph17029_3602 encodes a protein that is similar in amino acid sequence to FecR of E. coli. This information suggests that iron may be important, and we are currently investigating this possibility.
With respect to rsph17029_3536, this gene encodes a sigma factor having two cysteines that could form a disulfide in the −35 binding region of the protein, analogous to the situation described for SigK of Mycobacterium tuberculosis (Shukla et al., 2014) . This disulfide has been shown to contribute to the stability of SigK-RskA (sigma factor-anti-sigma factor) complex. Thus, SigK-dependent transcription can take place under reducing conditions, independent of the activating signal required for release from its anti-sigma protein under oxidizing conditions. If this same redox-dependent event is true for the RSPH17029_3536-3537 sigma factor-anti-sigma factor proteins, it would explain at least in part the pattern of 2.4.9-hemT transcription, while also providing a new way in which oxygen control mediates gene expression in this bacterium, but one that is completely absent from strain 2.4.1.
The connectivity between regulated ALA production and the ability to effectively and efficiently transition between different energy metabolisms in not just R. sphaeroides, but also other anoxygenic phototrophic bacteria, makes it important to develop a complete picture of this interplay of events. We have already noted that R. sphaeroides is not exceptional in having multiple ALA synthase genes (Zeilstra-Ryalls, 2008) and, as we have found here for HemA and HemT, in Rhodopseudomonas palustris, differential feedback inhibition by hemin of its two ALA synthase enzymes, HemA and HemO, has also been reported (Zhang et al., 2013) . However, in the absence of an accompanying description of the ALA synthase gene transcription patterns, it is not known whether or not the situation is analogous to what we have presented herein for R. sphaeroides 2.4.9. Perhaps it bears mentioning that the residue at position 281 (cysteine in 2.4.9-HemT) is proline in both of the Rps. palustris enzymes, and so neither of those enzymes possesses the redox property of R. sphaeroides HemT. Further, inspection of an alignment of the amino acid sequences of the proteins is uninformative with respect to feedback inhibition, as neither HemA nor HemT are particularly more similar to one or the other of the Rps. palustris enzymes (Table S2 in the Supporting Information), nor could we discern any regions of notable consensus between the proteins having greater or lesser sensitivities to hemin inhibition.
This investigation of the transcriptional and regulatory differences in ALA synthase genes present among wild-type strains of R. sphaeroides, together with characterization of the enzymes, has opened the door to a new perspective on these bacteria. These differences contribute to their ability to rapidly respond to changing conditions but in specialized ways; one strain can readily transition between aerobic vs. anaerobic respirations while another can easily switch between aerobic respiration and phototrophy. A component of this specialization is different programs used to provide ALA to the cell.
Experimental procedures
Bacterial strains, plasmids and growth conditions Table 1 lists the bacterial strains and plasmids used in this study, along with their relevant characteristics and sources. R. sphaeroides was cultured in Sistrom's succinate minimal medium A (Sistrom, 1960) at 30°C, E. coli was grown in Luria-Bertani medium (Sambrook et al., 1989) at 37°C. Final concentrations of antibiotics used for strain selection and plasmid maintenance for R. sphaeroides were 50 µg/ml for Kanamycin (Km) and 50 µg/ml for Spectinomycin (Sp) and Streptomycin (St) together; for E. coli they were 50 µg/ml for Km and Sp/ St, 15 µg/ml Tetracycline (Tc), and 100 µg/ml Ampicillin (Ap). Rhodobacter sphaeroides were grown aerobically by sparging liquid cultures with 30% oxygen, 68% nitrogen and 2% carbon dioxide, phototrophically either by inoculating completely filled screw capped tubes and placing them in front of incandescent lights (10 W/m 2 ) or by sparging cultures exposed to light with 0% oxygen, 98% nitrogen, and 2% carbon dioxide, and anaerobically in the dark by completely filling screw-capped tubes with medium that was supplemented with dimethyl-sulfoxide (DMSO; final concentration was 0.06 M) as alternate electron acceptor and 0.1% yeast extract, unless otherwise noted. Denitrifying growth conditions were as described by Tosques et al. (1997) . Responsiveness to sodium nitroprusside (SNP) was examined under micro-aerobic conditions following the protocol described previously (Arai et al., 2013) , and using 1 mM SNP prepared in 50 mM morpholinopropanesulfonic acid (MOPS) buffer immediately before use. All antibiotics and other fine chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Measurements of culture densities
Culture densities were determined by measuring OD 660 using a U-2010 UV/VIS spectrophotometer (Hitachi High Technologies America, Inc., Schaumburg, IL), or using a Klett Colorimeter with a 66 filter. As necessary, samples of the cultures were diluted to densities that were within the linear range of the spectrophotometer.
DNA treatments and manipulations
Plasmid DNA isolations were performed using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich). Total genomic DNA was isolated using the GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich). Restriction endonuclease treatments, and other enzymatic treatments of DNA fragments and plasmids were performed according to manufacturer's instructions or according to standard laboratory procedures (Sambrook et al., 1989) using enzymes purchased from New England BioLabs, Inc. (Beverly, MA), GIBCO-BRL/Life Technologies, Inc. (Gaithersburg, MD), and Promega (Madison, WI). DNA was analyzed by standard electrophoretic techniques (Sambrook et al., 1989) , and isolation of DNA fragments was performed using a Zymoclean Purification Kit (Zymo Research Co., Orange, CA). Pfu-Turbo polymerase (Agilent Technologies, Inc., Santa Clara, CA), dNTPs purchased from Invitrogen (Carlsbad, CA), and primers purchased from IDT DNA (San Diego, CA) or synthesized at the core facility of the University of Texas Health Sciences Center-Houston were used in amplification reactions. Sequences of the oligonucleotides used in this study are provided in the supporting information (Table  S1 ). All PCR products were first cloned into pUI1087 (Table 1) , a high copy plasmid with blue/white selection capability that facilitated sequencing to verify the integrity of the amplified DNA and also provided convenient restriction sites for subsequent cloning into vectors that could be mobilized into R. sphaeroides.
Constructions of hemA::lacZ and hemT::lacZ transcription reporter plasmids
The relevant hemA and hemT upstream sequences are provided in the Supporting Information (Fig. S1 ). Genomic DNA from R. sphaeroides strains 2.4.9 and 2.4.3 was used as template for PCRs (oligonucleotide primer sequences are provided in Table S1 of the Supporting Information). Plasmid pNC3 (Table 1) is a pCF1010 derivative (Lee and Kaplan, 1995) in which the hemA sequences amplified from strain 2.4.9 are positioned upstream of the promoterless lacZ gene. The analogous pCF1010 derivative having the hemA sequences amplified from strain 2.4.3 is plasmid pNC5 (Table 1) . Plasmid pNC1 (Table 1) has the hemT sequences amplified from strain 2.4.9 positioned upstream of lacZ in pCF1010.
The QuikChange Mutagenesis Kit (Agilent Technologies, Inc.), together with mutagenic oligonucleotides (sequences provided in Table S1 ), was used to alter the 2.4.9-hemT upstream sequences. The reporter plasmid pLD1 (Table 1) was constructed by positioning the mutated hemT* sequences (beginning 408 bp upstream of the translation initiation codon) in front of lacZ in pCF1010. Plasmid pLD2 (Table 1) carries a portion of the altered hemT* upstream sequences present in pLD1 beginning 105 bp upstream of the translation initiation codon in pCF1010. (See Fig. S1 in Supporting Information for hemT sequence details.)
Construction of mutant strains JZ5018, JZ5321, and JZ5323
The R. sphaeroides wild-type 2.4.9-derived hemT null mutant strain JZ5018 was constructed using plasmid pUI1009 (Table 1 ; Neidle and Kaplan, 1993a) . Recombinant exconjugants were selected for on Sistrom's succinate minimal medium A with Sp/St, and then screened for even numbered cross-over events by scoring for Tc sensitivity. The integrity of candidate JZ5018 was confirmed by amplification using primer pairs (Table S1 ) flanking the deletion/omega insertion site, and then sequencing the amplified products.
Derivatives of the 'knock-out' suicide vector pKNOCK-Km (Alexeyev, 1999) were used for gene disruptions via homologous recombination, generating 2.4.9-derived mutant strains JZ5321 and JZ5323. To construct a suitable vector for disruption of the R. sphaeroides 2.4.9 (ATCC17029) gene rsph17029_3603 (NCBI new locus tag RSPH17029_RS18215), a 322 bp PCR product generated using oligonucleotide primers #359 and #362 (Table S1 ) was first cloned into the EcoRV site of pUI1087 (Table 1) . Restriction with KpnI and PstI that cut at sequences flanking the EcoRV site in pUI1087 was used to isolate the cloned and verified DNA, which was then ligated into likewise-restricted pKNOCK-Km, creating plasmid pNC32 (Table 1) . In an analogous manner, a 316 bp PCR product containing rsph17029_3536 sequences (NCBI new locus tag RSPH17029_RS17890), generated using primers #357 and #444 (Table S1 ) was cloned into EcoRV-treated pUI1087. Following sequence confirmation, a KpnI-PstI fragment was ligated into KpnI and PstI-restricted pKNOCK-Km, creating plasmid pNC33 (Table 1) .
Plasmids pNC32 and 33 were individually mobilized into R. sphaeroides strain 2.4.9, and candidate recombinants were selected for on medium with Km. The candidates were then confirmed by PCR with pairs of oligonucleotide primers that generate products from template sequences that only exist in recombinants (Table S1 ), followed by DNA sequencing of those products.
Expression and purification of recombinant proteins
All ALA synthase expression vectors were derived from pIND4 (Ind et al., 2009 ) by means of inserting synthetic genes, purchased from IDT DNA, encoding proteins with C-terminus polyhistidine tags, with the exception of 2.4.1-hemA. A description of the 2.4.9-hemA synthetic gene is available in (Liu et al., 2017) , which also describes features of the 2.4.3-hemA synthetic gene that differ from the wild-type DNA sequence. The 2.4.1-hemA expression vector was constructed by replacing an internal KpnI-ClaI fragment of pIND4::2.4.9-hemA with the same fragment from plasmid pUI1004 carrying 2.4.1-hemA (Neidle and Kaplan, 1993a) . This exchange includes all nonsynonymous codons between the two hemA genes. The synthetic 2.4.9-hemT gene, which encodes the same C-terminus polyhistidine tag as all of the hemA genes, is otherwise identical to the wild-type gene. An artificial gene encoding 2.4.9-HemT_C281P, also having the same C-terminus polyhistidine tag, was likewise inserted into pIND4. The E. coli host for expression of the ALA synthase genes was BW25113 (Table 1) . Artificial sigma factor genes rsph17029_3536 and rsph17029_3603 having C-terminus polyhistidine tags were inserted into pET3a (Table 1) , and BL21(λDE3)pLysS (Table 1) was the E. coli production host. Induction and purification of ALA synthase was as previously described (Liu et al., 2017) ; details regarding plasmid induction and enrichment for the sigma factor proteins are provided in the Supporting Information.
β-galactosidase assays
Protein synthesis was halted by the addition of chloramphenicol to the cultures (30 µg/ml final concentration), which were then chilled on ice. Cleared cell lysates were prepared in 0.1 M NaPO 4 buffer, pH 7.7, by passaging cells through an SLM-Aminco French pressure cell (Spectronic Instruments, Inc., Rochester, N.Y.) at 700 lb/in 2 , followed by centrifugation at 13,000 × g for 15 min at 4°C. β-galactosidase activity assays were performed using the cell lysates as described elsewhere (Tai et al., 1988a) with o-nitrophenyl-β-D-galactopyranoside, (Sigma-Aldrich) as the substrate. All assays were performed immediately using freshly prepared lysates.
ALA synthase assays
Assays using purified ALA synthase proteins were performed using the method of Burnham (Burnham, 1970) , as modified by Neidle and Kaplan (Neidle and Kaplan, 1993a) . The concentration of the cofactor pyridoxal 5-phosphate (PLP) included in the reaction mixture, 100 µM, was optimized for the purified proteins by assaying for activity in the presence of varying amounts of PLP. Inhibition by hemin was evaluated by assaying enzyme activity in the presence of different concentrations of hemin. A stock solution of 10 mM hemin was prepared by dissolving 0.01 moles in a solution of 0.01 M NaOH in 50% ethanol and 50% water. The purified enzymes were pre-incubated with hemin for 5 mins on ice, and then added to the reaction mix to start the reaction. Data used to estimate inhibition constants (K i ) were obtained by carrying out steady-state enzyme kinetic assays for glycine and succinyl-CoA in the presence of different concentrations of hemin with enzyme being added last to start the reaction. The K i values were estimated with GraphPad Prism 5.01 software (GraphPad Software, Inc., La Jolla, CA), using the equation for noncompetitive inhibition, v o = V max inh × S/K m + S, in which V max inh = V max / (1 + I/K i ) and I is the hemin concentration.
Quantitation of light-harvesting (LH) complex bacteriochlorophyll a and of total cellular pigments
Spectra of crude cell-free lysates, recorded using a U-2010 UV/Vis spectrophotometer, were used to determine B875 (LHI) and B800-850 (LHII) concentrations according to the method of Meinhardt et al. (1985) . Total pigment extraction and quantitation was performed by the method of Cohen-Bazire et al. (1957) .
Electrophoretic mobility shift assays (EMSAs)
The EMSAs were performed essentially as previously described (Ranson-Olson et al., 2006) , using the Pierce Chemiluminescent EMSA kit (ThermoFisher Scientific). The 5′-biotin-labeled double-stranded DNA used as target for sigma factor protein binding was formed by annealing biotin-labeled 60-mer oligonucleotides (purchased from Integrated DNA Technologies) that correspond to 2.4.9-hemT upstream sequences from −125 to −65, relative to the +1 of translation (see Table S1 and Fig. S1 in the Supporting Information). The competitor DNA was annealed unlabeled 60 mer oligonucleotides having the same sequence or gel-purified DNA generated by restriction of plasmid pUI1087::2.4.9-hemT-UP (Table 1) with EagI and XbaI. This plasmid has the same hemT upstream sequences as are present in the 2.4.9-hemT::lacZ reporter plasmid pNC1 (Table 1) . Binding reactions were incubated for 20 min at room temperature, followed by addition of 5 µl loading buffer. Electrophoresis and transfer to Biodyne B 0.45 µm nylon membranes (Pall Corporation, Port Washington, NY) were carried out at 4°C. Labeled DNA was detected by exposing the membranes to Kodak BioMax XAR film (Sigma-Aldrich Inc.).
Protein concentration determinations
Protein concentrations were assayed for using Pierce BCA™ reagents or the Bio-Rad Protein Assay reagent (Bio-Rad Laboratories, Hercules, CA) according to manufacturers' instructions. Bovine serum albumin was used as a standard.
Transformations and conjugations
Escherichia coli cells were prepared for transformations by CaCl 2 treatment (Sambrook et al., 1989) . Mobilizations of plasmids into R. sphaeroides were performed by diparental matings with S17-1 (Simon et al., 1983) or triparental matings with HB101(pRK2013), as described by Davis et al. (1988) .
Statistical and bioinformatic analyses
Relevant data were subjected to one-way ANOVAs. The F and p values are provided in Table S3 of the Supporting Information.
The BLAST server at NCBI (www.ncbi.nlm.nih. gov, (Altschul et al., 1997) was used to evaluate DNA sequences, and ClustalW (https://www.ebi.ac.uk/Tools/ msa/clustalw2/, (Larkin et al., 2007) was used to generate sequence alignments. Protein models were generated using SWISS-MODELLER (Arnold et al., 2006; Bordoli et al., 2009; Biasini et al., 2014) . The Rhodobacter capsulatus ALA synthase crystal structure (PDB ID 2BWO; (Astner et al., 2005) was used as a template to model HemT protein. The coordinate files of the crystal structures were edited so as to have an equivalent number of amino acid residues on each subunit, in order for SWISS-MODELLER to accept the crystal structure PDB files as templates for modeling the homodimer. The models were saved as PDB files and figures were generated using the open-source PyMOL Molecular Graphics System, version 1.8.0.0 (maintained and distributed by Schrödinger LLC, Cambridge MA).
